Systemic adrenocorticotropic hormone (ACTH) administration is a first-line therapy for the treatment of infantile spasms, an age-specific seizure disorder of infancy. It is proposed that exogenous ACTH acts via negative feedback to suppress the synthesis of corticotropin-releasing hormone (CRH), a possible endogenous convulsant in infant brain tissue. The aim of this study was to determine whether systemic ACTH treatment in infant rats down-regulates the hippocampal CRH system, including CRH, CRH-binding protein (CRH-BP), and CRH receptors (CRH-R1 and CRH-R2). Daily i.p. injection of ACTH for 7 consecutive days (postnatal days 3-9) elevated serum corticosterone levels 20-fold measured on postnatal day 10, indicating systemic absorption and circulation of the ACTH. Semiquantitative reverse transcriptase-PCR demonstrated that both CRH and CRH-BP mRNA obtained from the hippocampi of ACTHinjected infant rats was significantly depressed relative to salineinjected animals. Comparable reductions in both CRH and CRH-BP synthesis were further demonstrated with radioimmunoassay. In contrast, neither CRH-R1 nor CRH-R2 mRNA was altered by ACTH treatment, relative to saline-injected rats. This latter finding was confirmed electrophysiologically by measuring the enhancement of hippocampal population spikes by exogenous CRH, also showing no differences between ACTH-and saline-injected rats. The results of this study support the proposal that systemic ACTH treatment down-regulates CRH expression in infant brain, perhaps contributing to the therapeutic efficacy observed during treatment of infantile spasms. Adrenocorticotropic hormone (ACTH) is a 39 -amino acid peptide released into circulation by the anterior pituitary in response to corticotropin-releasing hormone (CRH) stimulation from the hypothalamic paraventricular nuclei (1). Among its various physiologic effects, ACTH is known to regulate both stress and immune responses via stimulation of the adrenal glands (2). In neonates, the adrenal glands are relatively insensitive to ACTH stimulation, and corticosterone release occurs primarily via constitutive secretion (3). Although this period of adrenal hyporesponsiveness is proposed to be protective under normal circumstances (4), excessive activity of the hypothalamic-pituitary axis (i.e. CRH release) may result in an attempt to elevate circulating levels of adrenal steroids after stressful events (1, 5). Excess synthesis and release of CRH during the neonatal period may also have detrimental effects on neuronal excitability and development during infancy (6).
Adrenocorticotropic hormone (ACTH) is a 39 -amino acid peptide released into circulation by the anterior pituitary in response to corticotropin-releasing hormone (CRH) stimulation from the hypothalamic paraventricular nuclei (1) . Among its various physiologic effects, ACTH is known to regulate both stress and immune responses via stimulation of the adrenal glands (2) . In neonates, the adrenal glands are relatively insensitive to ACTH stimulation, and corticosterone release occurs primarily via constitutive secretion (3) . Although this period of adrenal hyporesponsiveness is proposed to be protective under normal circumstances (4) , excessive activity of the hypothalamic-pituitary axis (i.e. CRH release) may result in an attempt to elevate circulating levels of adrenal steroids after stressful events (1, 5) . Excess synthesis and release of CRH during the neonatal period may also have detrimental effects on neuronal excitability and development during infancy (6) .
Infantile spasms are an age-dependent epileptic syndrome associated with developmental delay and hypsarrhythmia (7) .
The cause of infantile spasms has been attributed to a wide variety of brain insults occurring during antenatal/perinatal development (1, 8) . At present, infantile spasms are treated primarily with systemic ACTH administration. It is proposed that ACTH suppresses endogenous release of the excitatory neuropeptide CRH via a negative feedback mechanism (1, 9) . CRH is elevated during periods of physiologic stress [i.e. antenatal and/or perinatal insults (10) ] and possesses considerable convulsant activity if injected into the CNS of immature rats (6) . These observations have led to the hypothesis that CRH is an endogenous convulsant in infant brain tissue, secondary to stress-induced alterations in the brain-adrenal axis. The alterations in the CRH system [CRH, CRH-binding protein (CRH-BP), and/or CRH receptors] by ACTH treatment, however, are unknown. Identification of the cellular mechanisms underlying ACTH modulation of the CRH system may allow for the development of novel therapeutic agents for the treatment of infantile spasms (i.e. CRH receptor antagonists).
The aim of this study, therefore, was to determine whether systemic ACTH therapy down-regulates the CRH system. More specific, we measured the expression levels of CRH, CRH-BP, and CRH receptors (CRH-R1 and/or CRH-R2) using reverse transcriptase-PCR (RT-PCR), RIA and, electrophysiologic techniques. The data for this study were obtained from rats that were killed on postnatal day 10. This age was specifically investigated as postnatal days 10 -13 are reported to correspond with human infancy based on similarities in synaptic maturation, myelination, and evolving expression of receptor and second messenger systems (11, 12) . The hippocampus was chosen for study as previous investigations, both in vivo (6) and in vitro (13) (14) (15) (16) , have shown that this structure is responsive to CRH application. The data presented in this study support the hypothesis that systemic ACTH administration alters the nonhypothalamic CRH system and may contribute to the therapeutic efficacy of ACTH treatment of infantile spasms.
METHODS
All animal studies in this report have been approved by the Queen's University Institutional Review Board in accordance with the Guidelines of the Canadian Council on Animal Care.
Systemic ACTH administration. ACTH was dissolved in 0.9% saline, and~100 L was injected into rats (i.p.) at a dosage of 0.5 mg · kg Ϫ1 · d Ϫ1 · (17) . The injections were performed at 1100 h for 7 consecutive days (postnatal days 3-9). Rats were killed under ketamine anesthesia on postnatal 10, and blood was subsequently withdrawn from the left ventricle of the heart. Rat blood was immediately centrifuged to isolate serum. After the collection of blood samples, rats were decapitated and hippocampi were collected and stored in 1.5-mL Eppendorf tubes at Ϫ80°C. Control rats received an i.p. injection daily with the same volume of 0.9% saline.
Serum corticosterone RIA. An RIA kit was used to determine corticosterone levels in rat blood serum (Diagnostic Products Corporation, Los Angeles, CA, U.S.A.). Briefly, 50 L of blood serum from control or ACTH-treated rats was incubated with 1.0 mL of 125 I-rat corticosterone in precoated tubes with antibody to rat corticosterone for 2 h at room temperature. After incubation, the solution was decanted and radioactivity was counted for 1 min in a gamma counter.
RT-PCR.
Total RNA isolation and RT-PCR were performed as previously described (18) . Briefly, total RNA was obtained from the isolated CA1 region of rat hippocampus by the acid guanidinium thiocyanate-phenol-chloroform method (19) . One microgram of total RNA was reverse transcribed by the AMV reverse transcriptase. The reaction was performed in the absence of reverse transcriptase or RNA as negative controls. For amplification of cDNA, an aliquot of reverse transcription mixture (2.0 L) was amplified with the following cycle parameters: 94°C for 45 s, 55°C for 45 s, and 72°C for 90 s. After 28 and 26 (␤-actin) cycles of amplification, a final extension cycle was performed at 72°C for 5 min. PCR products were visualized by electrophoresis using a 1.5% agarose gel containing ethidium bromide. A negative control was performed using PCR amplification without cDNA. No products were detected from these control experiments. Kinetic studies of each gene were performed to give a linear range of amplification before semiquantitative analysis. PCR products obtained under the linear range were analyzed and visualized. A photograph of the gel was scanned in reflectance mode using computer-assisted linear scanning densitometer (DigitizerMatrox IM 1280). The optical intensities of the PCR products were quantified and analyzed by the software package MCID M2 (Imaging Research Inc.). The data were expressed as mean Ϯ SE. Differences between groups were compared by ANOVA or by Kruskal-Wallis one-way ANOVA on ranks using SigmaStat software (Jandel Scientific).
The primers chosen to assess mRNA were as follows: CRH (360 bp) 5'-CAA CTT TTT CCG CGT GTT GCT-3' and 5'-ATG GCA TAA GAG CAG CGC TAT-3'; CRH-R1 (476 bp) 5'-ACA AAC AAT GGC TAC CGG GAG-3' and 5'-ACA CCC CAG CCA ATG CAG AC-3'; CRH-R2 (615 bp) 5'-TGT GGA AGG CTG CTA CCT G-3' and 5'-GTC TGC TTG ATG CTG TGG AA-3'; CRH-BP (229 bp) 5'-TAC GAC CCT TTC CTG CTT TTC AGC-3' and 5'-GAA ATC CCC ACC CTG GCA GTC GAT-3'; ␤-actin (340 bp) 5'-CAA GAG ATG GCC ACG GCT GCT-3' and 5'-TCC TTC TGC ATC CTG TCG GCA-3'. The oligonucleotide primers were synthesized in the Department of Biochemistry at Queen's University.
RIA for CRH and CRH-BP. CRH RIA was performed using protocols and reagents from IgG Corp. (Nashville, TN, U.S.A.) as described previously (18, 20) . Briefly, tissue lysates (100 L) were incubated with 100 L of primary antibodies (1:100, IgG-hCRH; IgG Corp.) for 3 d at 4°C. Then 125 I-TyrhCRH (DuPont NEN, Boston, MA, U.S.A.) in 100 L of RIA buffer was added and incubated for another 2 d at 4°C. A total of 100 /L of anti-rabbit ␥-globulin serum was then added and incubated for 4 h at 4°C, followed by adding 1.6 mL of ice-cold separation buffer (Phosphate-EDTA containing 2.5% BSA) to dilute trace 125 I-hCRH not bound to antibody. The reaction tubes were centrifuged at 6000 ϫ g for 20 min at 4°C, and supernatants were decanted. The pellets were counted using a gamma counter. CRH-BP RIA was performed as previously reported (12, 15) . Briefly, tissue lysates were incubated with room temperature. CRH-BP antibody 5144 (provided by Dr. W. Vale, Salk Institute, San Diego, CA, U.S.A.) was then added at 1:1000 dilution, and the reaction was incubated overnight at room temperature. Bound complexes were precipitated by the addition of 200 L of anti-rabbit ␥-globulin serum and incubated for 60 min at room temperature. After separation by centrifugation, antibody-bound 125 I-CRH precipitate was then measured using a gamma counter.
Hippocampal slice preparation. Postnatal day 10 rats were decapitated, and the brain was immersed in chilled artificial cerebrospinal fluid (aCSF) containing (in mM) 126 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 Ϫ , and 10 D-glucose (pH 7.3) (22, 23) . The hippocampi were isolated, sectioned perpendicular to their septotemporal axis (400 m), and incubated in aCSF oxygenated with 5% CO 2 /95% O 2 at room temperature for a minimum of 1 h before experimentation. Extracellular field recording. Hippocampal slices were individually transferred to a recording chamber mounted on a dissecting microscope and submerged in rapidly flowing (1 mL/min) oxygenated aCSF (34°C). Extracellular recording micropipettes (~10 mOhms) were pulled from 1.5-mm outer diameter thin-walled glass (150F-4, World Precision Instruments) in two stages on a Narishige puller (PP-83; Tokyo, Japan) and filled with 2 M NaCl. A three-dimensional micromanipulator was used to position the recording electrode and a silver wire coated with AgCl connected the recording micropipette to an amplifier probe (Axoclamp-2A, Axon Instruments). The voltage output was monitored with an on-line oscilloscope, and amplified signals were digitized with pCLAMP software (Axon Instruments). A concentric, bipolar stimulating electrode (Rhodes Electronics) was placed on the Schaffer collaterals to elicit field potentials recorded in the CA1 cell body layer (stratum pyramidale). Field potentials were evoked with an S88 Grass square pulse stimulator connected to a Grass SIU6 stimulation isolation unit. Pulses (0.2 ms duration; 0.3 Hz) were applied at 10-to 30-mV intensities. The voltage depended on the intensity required to produce a one-half maximal population spike. A calibrator connected between the bath and the ground generated a 1-mV, 5-ms control pulse. Digitized data were signal-averaged and analyzed using a PC computer with pCLAMP software (Axon Instruments). Population spike amplitude was determined by measuring the difference between the first positive deflection after the stimulation artifact and the maximal negative deflection. Statistical significance was determined with a t test.
RESULTS
Rat pup littermates were randomly divided into ACTH-or saline-treated groups on postnatal day 3. After i.p. injection of either ACTH or saline for 7 consecutive days, the animals were killed on postnatal day 10 and serum corticosterone levels were determined by RIA. As shown in Figure 1 , serum corticosterone levels were increased~20-fold in the ACTH-treated group as compared with the saline group (p Ͻ 0.001, n ϭ 27/group). These results are consistent with previous reports (17, 24) indicating that i.p. ACTH is absorbed systemically and increases corticosterone levels in infant rats via adrenal stimulation.
Semiquantitative RT-PCR was performed to measure hippocampal mRNA levels for CRH and CRH-BP after treatment with ACTH or saline. In these experiments, specific primers for CRH (360 bp) and CRH-BP (229 bp) produced single bands of predicted size on agarose gel (18) , demonstrating that both mRNAs are expressed in infant rat hippocampus. For determining whether these genes are regulated by treatment with ACTH, total RNA was isolated from hippocampi on postnatal day 10 after 7 consecutive days of i.p. injection of either ACTH or saline. Semiquantitative RT-PCR using ␤-actin as an internal standard revealed that the levels of mRNA coding for CRH (234%) and CRH-BP (226%) were significantly depressed in the ACTH-treated groups relative to saline controls (p Ͼ 0.05, n ϭ 27/group; Fig. 2 ).
For further determining the effect on CRH and CRH-BP production after a 7-d treatment with ACTH, RIA for CRH and CRH-BP was performed as described previously (18 -21) . Consistent with the decreased expression of mRNA for CRH and CRH-BP, treatment with ACTH also resulted in decreased levels of both CRH (239%) and CRH-BP (230%; p Ͼ 0.05, n ϭ 27/group; Fig. 3 ).
Semiquantitative RT-PCR was also used to measure hippocampal mRNA levels for CRH-R1 and CRH-R2 after treatment with either ACTH or saline. In these experiments, specific primers for CRH-R1 (476 bp) and CRH-R2 (615 bp) produced single bands of predicted size on agarose gel (18) , demonstrating that both receptors are expressed in infant rat hippocampus. Semiquantitative RT-PCR using ␤-actin as an internal standard revealed that the levels of mRNA coding for CRH-R1 and CRH-R2 were not significantly down-regulated by ACTH treatment (n ϭ 27/group; Fig. 4) .
These latter data were further supported by electrophysiologic studies demonstrating that the CRH-induced excitation Figure 1 . Serum corticosterone levels obtained from saline-and ACTHtreated infant rats. A plot demonstrating the mean serum levels of corticosterone obtained from either saline-or ACTH-injected infant rats. The rats were killed after 7 consecutive days of i.p. treatment (ACTH or saline), and blood was removed via the left ventricle under ketamine anesthesia. Under these conditions, the ACTH-treated group demonstrated an~20-fold increase in serum corticosterone levels (**p Ͻ 0.001).
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was not altered in ACTH-treated animals relative to saline controls. In noninjected infant rats, the population spike amplitude recorded in the CA1 region of the hippocampus was reversibly enhanced by the bath application of 200 nM CRH (1 by 108 Ϯ 4%; n ϭ 14; Fig. 5A ). Although seizure-like activity was not observed after CRH application, epileptiform activity likely requires intact limbic circuitry not present in the de-afferented hippocampal slice preparation. The observed increase in hippocampal population spike amplitude elicited by CRH occurred via stimulation of CRH-R1, the dominant CRH receptor expressed in infant rat hippocampus. Indeed, the expression of CRH-R1 mRNA was 12-fold greater than the CRH-R2 mRNA (n ϭ 3 animals/group, p Ͻ 0.001; Fig. 5A ), and the selective CRH-R1 receptor antagonist antalarmin competitively inhibited the CRH-induced enhancement of population spikes (CRH alone 1 102 Ϯ 11%; CRH ϩ 100 nM antalarmin 1 50 Ϯ 14%, n ϭ 10, p Ͻ 0.05; CRH ϩ 500 nM antalarmin 1 9 Ϯ 9%, n ϭ 10, p Ͻ 0.001; Fig. 5 ). Application of 200 nM CRH to either ACTH-or saline-treated animals resulted in enhancement of the population spike amplitudes that did not significantly differ between groups (ACTH, 1 to 67 Ϯ 17%, n ϭ 10; Saline 1 to 72 Ϯ 3%, n ϭ 10; p ϭ 0.94). These final experiments illustrate that systemic ACTH treatment did not alter CRH receptor-mediated responses (particularly CRH-R1) to exogenous CRH.
DISCUSSION
This study demonstrates that systemic administration of ACTH decreases the expression of both CRH and CRH-BP in infant rat hippocampus. Neither CRH-R1 nor CRH-R2 was altered by the ACTH therapy. These data support the hypothesis that ACTH treatment reduces the activity of the CRH system in infant brain and that specific down-regulation of CRH synthesis may underlie the clinical efficacy of this therapy in the treatment of infantile spasms.
We have demonstrated that ACTH treatment down-regulates the expression of CRH mRNA and protein in the infant rat hippocampus. CRH-containing neurons have been identified throughout the limbic system (25, 26) , and stress-induced release of CRH from limbic structures has been measured using microdialysis (27, 28) . Increased expression of CRH is elicited by seizure activity (29 -31) , and CRH synthesis is chronically elevated in postmortem brain obtained from children with generalized epilepsy (18) . Application of CRH to tissue slices increases neuronal excitability (13-16, 32, 33) , whereas intracerebroventricular injection of CRH elicits electroencephalographic and behavioral seizures (34, 35) . These data implicate CRH as an endogenous convulsant in the developing brain (1, 6) and support the hypothesis that ACTH has anticonvulsant actions by down-regulation of CRH synthesis and release (1) .
In contrast to our findings, a recent in situ hybridization study reported that exogenous ACTH administration downregulates CRH mRNA expression specifically in the amygdala and that hippocampal CRH mRNA was not altered (9) . The differences between studies might be explained by the duration of ACTH treatment. For example, we injected animals with ACTH for 7 consecutive days, as opposed to a single high-dose ACTH injection 4 h before mRNA analysis (9) . In support of this argument, the same study (9) showed that elevating endogenous ACTH levels Ͼ2-fold for 24 h via adrenalectomy also decreased the expression of hippocampal CRH mRNA. Inhibition of CRH expression by ACTH therefore may be less sensitive in the hippocampus, an area devoid of ACTHcontaining fibers (36) , unlike the amygdala. It is also possible that chronic ACTH therapy inhibits not only CRH production but also the number of hippocampal CRH-expressing neurons that are transiently present during development (37) .
The CRH-BP is coexpressed in structures with significant CRH immunostaining (38) , and CRH-BP regulates the bioavailability of CRH (39) . Both coordinate and divergent alterations in CRH and CRH-BP expression have been reported, and the biologic actions of CRH may be limited by steroidinduced expression of CRH-BP (40) . The down-regulation of CRH in this study was accompanied by a similar reduction in the CRH-BP expression. Parallel changes in both CRH and CRH-BP expressions have been observed in animals after kainate-induced seizures (29) , and we have previously demonstrated that both CRH and CRH-BP expression are chronically elevated in postmortem brain obtained from children with generalized epilepsy (18) .
The CRH receptor subtypes have been cloned, characterized, and classified as either CRH-R1 or CRH-R2 (41). Our competitive RT-PCR experiments demonstrated that mRNA for both CRH-R1 and CRH-R2 receptors are expressed in the infant rat CA1 region, although the mRNA for CRH-R1 is expressed at a 12-fold higher level than CRH-R2. The CRHinduced increase in population spike amplitude shown here was also dependent on CRH-R1 stimulation. Systemic administration of ACTH did not alter the expression levels of either CRH-R1 or CRH-R2 and did not alter the CRH-induced increase in population spike amplitude mediated by CRH-R1. The ACTH modulation of the CRH system therefore is confined to reductions in CRH and CRH-BP expression.
The down-regulation of hippocampal CRH may involve the chronic stimulation of melanocortin receptors (MC1-R to MC4-R) by ACTH (9, 42) . In the amygdala, selective blockade of MC4-R prevents ACTH-induced down-regulation of CRH expression (9) , suggesting that ACTH acts directly on the amygdala and is independent of adrenal steroidogenesis. MC4-R is also expressed in the hippocampus (43) and binds ACTH with high affinity (44) . The link between ACTH stimulation of hippocampal MC4-R and subsequent inhibition of CRH expression has not been determined.
Elevated adrenal corticosterone was observed in our study and may have contributed to the ACTH-induced inhibition of hippocampal CRH expression. During development, corticosteroid receptors are highly expressed in the hippocampus, and activation of these receptors modulates a variety of cellular responses, including intrinsic metabolism, neurogenesis, neuronal migration, and cell death (45, 46) . In electrophysiologic studies, corticosteroids depress neuronal excitability by reducing repetitive action potential firing, enhancing the inhibitory actions of serotonin, and altering long-term synaptic facilitation (47) . Endogenous corticosteroid levels are chronically elevated after treatment with the ketogenic diet, a clinically efficacious therapy for a variety of childhood intractable epilepsies (48) . Exogenous corticosteroids have been used both in the treatment of infantile spasms (albeit less effectively than ACTH) (49, 50) and as empiric treatment for a variety of childhood epilepsies (51, 52) .
Alternative explanations have been proposed for the efficacy of ACTH treatment of infantile spasms. For example, ACTH controls the synthesis of deoxycorticosterone, a mineralocorticoid precursor that is enzymatically converted to a bioactive neurosteroid, tetrahydrodeoxycorticosterone (THDOC) (53) . These deoxycorticosterone-derived neurosteroids modulate GABA receptor function and seizure susceptibility (54) . The therapeutic actions of ACTH may result from multiple mechanisms that balance excessive CRH-induced excitation and inadequate GABAergic inhibition. For example, application of CRH to hippocampal slices suppresses the amplitude of evoked inhibitory postsynaptic currents mediated by GABA (15) . The ACTH-induced down-regulation of CRH, together with neurosteroid modulation of GABA receptor function, would significantly elevate GABAergic-mediated inhibition and restore the excitation-inhibition balance. It is interesting that the anticonvulsant Vigabatrin, a GABA transaminase inhibitor (55), results in significant elevations in circulating GABA and is equally efficacious to ACTH in the treatment of infantile spasms (56, 57) .
Infantile spasms represent a devastating epileptic syndrome that rarely results in normal psychomotor development (8) . Although the early identification of infantile spasms and ACTH treatment improves outcome, current treatment regimens are far from optimal. Given our poor understanding of the cellular mechanisms underlying ACTH treatment of infantile spasms, further research is warranted to develop improved therapeutic agents (i.e. CRH and/or MC receptor antagonists).
